Jet-cooled LiCu has been investigated using resonant two-photon ionization spectroscopy. A long vibrational progression was observed and identified as the ͓20.5͔ 
I. INTRODUCTION
For the past several years work in this laboratory has concentrated on the spectroscopy of diatomic transition metal molecules, with particular attention devoted to the 3d series. 1 From this work we have gained a significant understanding of the bonding interactions between atoms with open d subshells. More recently, the chemical bonding between transition metals and aluminum, a main group metal, has been investigated to probe the chemical bonding between the p-block and d-block metals and to understand the role of the d orbitals in such interactions. 2 Here we further extend these studies of the interaction between main group metals and transition metals by investigating the spectroscopy of diatomic LiCu, which provides a model for the interaction between alkali metals and transition metals having stable 3d nϩ1 4s 1 configurations. In a subsequent paper we will present results on the spectroscopy of LiCa, which provides a model for the interaction between alkali metal and transition metals having stable 3d n 4s 2 configurations. 3 It is our hope that systematic investigations of the chemical bonding between transition metals and lithium will aid in understanding the enhanced catalytic activity of transition metal surfaces on which alkali metals have been preadsorbed. The alkali metals serve as promoters, donating their valence electron to the transition metal substrate. This has been shown to dramatically reduce the work function of the catalyst and substantially increase the rate of dissociative chemisorption of molecules such as CO, N 2 , and NO. 4 Apart from the work on LiCu and LiAg published earlier this year by Brock et al. , which provides vibrationally resolved spectra of 12 band systems of LiCu lying within the range 29 500-36 200 cm Ϫ1 , 5 the only previous experimental work on LiCu of which we are aware is a Knudsen effusion mass spectrometric determination of the dissociation energy by Neubert and Zmbov in 1974. 6 They report D 0 (LiCu) ϭ1.96Ϯ0.09 eV based on an analysis of the reactions, CuLi͑g ͒→Cu͑ g ͒ϩLi͑ g ͒, ͑1.1͒
CuLi͑g ͒ϩCu͑ g ͒→Cu 2 ͑ g ͒ϩLi͑ g ͒, ͑1.2͒ Neubert and Zmbov. 6 This lends credence to the assignment of the convergence limit of the F state proposed by Brock et al., and considerably improves the precision of the bond energy of LiCu.
On the theoretical side, Beckmann and co-workers 8 carried out pseudopotential configuration interaction calculations on LiCu in 1985 and then tested the interaction of the molecule with atomic hydrogen. They report a ground state bond energy of 1.30 eV and a bond length of 2.6 Å for LiCu, with a somewhat polar bond in which lithium carries a ϩ0. 20 In this paper an investigation of the electronic spectroscopy of LiCu is reported, employing the technique of resonant two-photon ionization spectroscopy. In Sec. II the ex-perimental apparatus is briefly described and Sec. III presents experimental results. In Sec. IV the electronic nature of the X 1 ⌺ ϩ and ͓20.5͔ 1 ⌺ ϩ states is discussed. Section V then concludes the paper with a summary of the most important findings.
II. EXPERIMENT
The instrument used in this study has been previously employed for transition metal cluster cation photodissociation experiments. 11 For the present experiments a modified ion acceleration source was used, and the timings of the ion extraction pulses were adjusted to allow for photoionization experiments. The metal sample consisted of a disk which was formed by melting a 3:2 Li:Cu molar mixture in an electric arc furnace under an argon atmosphere. The resulting alloy was machined flat on one side and mounted in a mechanism that rotates and translates the sample against a stainless steel vaporization block. 12 The output radiation from a KrF excimer laser ͑248 nm, 10-15 mJ/pulse͒ was focused onto the sample disk and timed to fire during a pulse of helium carrier gas ͑approximately 120 psig backing pressure͒, which swept over the metal target. This produced a metal plasma which was carried down a 3 cm long, 2 mm diam clustering region before expanding supersonically through a conical nozzle into a low pressure chamber (10 Ϫ4 Torr). The metal cluster beam was then roughly collimated by a 6.5 mm skimmer as it entered a differentially pumped ionization region. The LiCu molecules were cooled to a rotational temperature of roughly 20 K, although a strong high-J tail to the rotational distribution was readily observed. No identifiable vibrational hot bands were observed, indicating a vibrational temperature below 250 K.
The metal cluster beam was interrogated by the output of an excimer-pumped dye laser and the resulting excited electronic states were ionized by a portion of the 308 nm ͑XeCl͒ excimer laser radiation which pumps the dye laser, or by frequency doubled dye laser radiation. Ions produced in this way were accelerated into a reflectron time-of-flight mass spectrometer by a Wiley-McLaren acceleration assembly. 13 The mass separated ions were detected with a dual microchannel plate detector, and the resulting signal was preamplified, digitized, and averaged in a 386DX-based personal computer.
Rotationally resolved spectra were calibrated by comparing a simultaneously recorded I 2 absorption spectrum with that reported by Gerstenkorn and Luc.
14 For all of the bands reported here the dye laser radiation fell outside of the range of the I 2 atlas. To obtain a useful calibration spectrum the dye laser radiation was Raman shifted by focusing it through a 500 psi H 2 gas cell. As described by Clouthier and Karolczak, 15 the stimulated Raman scattering process occurs only on the Q(1) line, giving a precise Raman shift of 4155.163 cm Ϫ1 for 500 psi H 2 , bringing the dye laser radiation back into the range of the I 2 atlas. For the experiments reported here, the dye laser radiation intersected the molecular beam at right angles, so no Doppler correction was required.
III. RESULTS
A. The [20
Data were collected over a range of 16 400 cm Ϫ1 to 24 900 cm Ϫ1 using the fundamental dye laser radiation for excitation and the 308 nm XeCl radiation or frequency doubled dye laser radiation for ionization. Although many vibronic bands were observed throughout the regions above 20 400 cm
Ϫ1
, the range from 20 500 cm Ϫ1 to 24 900 cm Table I . The vibrational numbering of the bands was established using the isotope shift, 0 (   7   Li   63 Cu)Ϫ 0 ( 7 Li 65 Cu), as measured from fitted band origins for the 6-0, 7-0, 9-0, 10-0, 12-0, 14-0, and 16-0 bands. The measured isotope shifts are plotted in Fig. 2 as a function of band frequency, and for three different vibrational numberings of the system this is compared to the theoretically predicted isotope shift, given by
, i is the reduced mass of the ith isotopic combination, and the values of e Љ(465.9 cm
) and e Љx e Љ(4.11 cm
) were taken from the work of Brock et al. 5 The curve giving the best agreement between measured and predicted isotope shifts corresponds to the assignment given in Fig. 1 and Table I . The poor agreement of the other two assignments, which change the numbering by Ϯ1, establishes the validity of the assignment.
Although 10 bands of 
band system. This figure is a composite of three scans using the coumarin laser dyes C480, C460, and C440 for excitation and 308 nm radiation for photoionization. Because no correction was made for the variation in dye laser intensity across the band system, the relative band intensities are inaccurate in this figure. of the observed bands displayed severe perturbations in the rotationally resolved spectra, preventing a rotational analysis. Thus, for example, the 8-0, 11-0, and 15-0 bands could not be rotationally analyzed. Likewise, it proved difficult to unambiguously identify the 0-0 through 5-0 bands because of numerous other bands in this low frequency region ͑see Fig. 1͒ . None of the various possible assignments of the 0-0 through 5-0 bands fit into the regular pattern of vibronic levels established by a fit of the 6-0 through 31-0 bands, suggesting that these vibronic levels are perturbed by the other states which are obviously present in this spectral region. The 0-0 through 5-0 bands which are listed in Table I are simply the most likely candidates for these bands. In addition, the 18-0, 19-0, 20-0, 26-0, and 27-0 bands fell into spectral regions which were not scanned, and the 24-0 band displayed perturbations in the upper state. It appears that the entire band system is affected by perturbations, some of which lead to predissociation. The vibronic bands which appeared to be free of perturbations ͑identified in Table I͒ Cu. These constants are only capable of reproducing the vibrational levels with vЈ у6, since vЈϭ0 -5 were excluded from the fit. The 0-0 through 5-0 bands were poorly identified, not rotationally resolved, and possibly subject to perturbations, so it was felt that they should not be included in the fit. Here and throughout this paper 1 error limits are given in parentheses, in units of the last reported digits. A rotationally resolved scan of the 9-0 band of 7 Li 63 Cu is displayed in Fig. 3 . This is typical of the appearance of the unperturbed bands. The spectrum displays R and P branches, but the Q branch is notably absent, indicating an ⍀Ј ϭ0←⍀Љϭ0 transition. Based on the expected X 1 ⌺ ϩ ground state, this identifies the upper state as a 1 ⌺ ϩ state as well. It will be designated as the ͓20.5͔
1 ⌺ ϩ state, where the number in brackets designates the energy of the vЈϭ0 level, in thousands of wave numbers. The band is red shaded with a severe band head in the R branch, with the R(0) and R(1) lines coinciding within the resolution of the laser. This indicates a large increase in the bond length upon electronic excitation. As one progresses up the vibrational ladder the P and R branches become coincident and then separate again in higher vibrational bands. This phenomenon increased the uncertainty in the rotational line positions for several of the bands in which the branches were nearly coincident, leading to increased errors. Nevertheless, it was possible to fit ten of the 7 Li 63 Cu vibronic bands to the usual expression,
͑3.3͒
A simultaneous fit of all ten bands to Eq. 
B. The ionization energy of LiCu
The lowest frequency band observed with certainty using 308.06Ϯ0.13 nm (4.025Ϯ0.002 eV) radiation for photoionization occurs at 20 478 cm Ϫ1 ͑2.539 eV͒ and is listed in Table I as the probable 0-0 band of the ͓20.5͔ 1 ⌺ ϩ ←X 1 ⌺ ϩ system. This places an upper limit on the ionization energy of the molecule as 6.566 eV. The highest energy band of the progression reported here,the 31-0 band at 24 905 cm Ϫ1 ͑3.088 eV͒, is also the highest energy feature recorded using the dye fundamental in combination with 308 nm radiation for photoionization. When the 308 nm radiation was blocked the ion signal disappeared, indicating that two photons of the 24 905 cm Ϫ1 radiation were not sufficiently energetic to ionize the molecule. This places a lower limit on the ionization energy of 6.176 eV. We therefore report the ionization energy of LiCu as IE͑LiCu͒ϭ6.37Ϯ0. 20 
IV. DISCUSSION
As expected, the ground state of LiCu has been shown to be 5 and the frequency of the 0-0 band ( 00 ) the bond energy of the ͓20.5͔
1 ⌺ ϩ state may be deduced to be
where AE gives the energy of the excited separated atom limit to which the ͓20.5͔ 1 ⌺ ϩ state correlates (11 202 .57 cm
Ϫ1
). This provides an estimated bond energy of the ͓20.5͔
1 ⌺ ϩ state of 6413 cm Ϫ1 ͑0.80 eV͒, a value in reasonable agreement with the expectation of 0.98 Ϯ0.22 eV based on the value of D 0 (Li ϩ -Cu). Moreover, the poor bonding expected from the 3d Cu 9 ( 2 ⌺ ϩ ) 2 * 1 molecular configuration also explains the low vibrational frequency and long bond length of this state. Accordingly, it is considered likely that the ͓20.5͔ Table II were used to perform a Rydberg-Klein-Rees ͑RKR͒ calculation of the ͓20.5͔
1 ⌺ ϩ potential using the RKR1 program of LeRoy. 18 The result of this calculation is displayed in Fig. 4 . In the RKR1 program 18 one can smooth the curve when the inner wall begins to show unphysical phenomena such as unexpected inflection points or turning out upon itself. This is done by extrapolating the inner turning points using a model based on the previous three calculated points, and calculating the position of the outer turning point relative to the inner turning ). In addition, to provide an estimate of the uncertainty in the RKR potential for the ͓20.5͔ 1 ⌺ ϩ state this same procedure was followed to construct a RKR potential curve using the data for 7 Li 65 Cu listed in Table II . Two additional RKR curves were constructed using vibrational parameters derived from a fit of the bands recorded in high resolution along with the vЈϭ0 -5 levels listed in Table I . All four RKR curves are nearly coincident in the low energy region up to 25 000 cm Ϫ1 , providing confidence that the RKR potential in this energy range is qualitatively correct.
Also shown in Fig. 4 This is indicative of the similarity in the chemical bonding of these molecules. One might think that with the addition of Li 2 and LiCu to this set of molecules a covalent bond radius might be deduced for Li. Using the experimental bond lengths of Li 2 ͑2.6729 Å͒ ͑Ref. 23͒ and LiCu ͑2.263 Å, this work͒, however, it is found that the required covalent radius of Li is 1.336 Å ͑for Li 2 ͒ and 1.156 Å ͑for LiCu͒. The much smaller value of r Li required to reproduce the bond length of LiCu as compared to Li 2 demonstrates that the chemical bonding is not at all similar in these two species. While Li 2 is dominated by covalent bonding, the ground state of LiCu is dominated by ionic bonding, and is best described as Li ϩ Cu Ϫ . The small size of the Li ϩ ion then leads to a much shorter bond than would be expected from the average of the covalent Li 2 and Cu 2 bond lengths. In this regard the short bond length of LiCu provides strong support for its assignment as an ionic molecule.
V. CONCLUSION
Resonant two-photon ionization spectroscopy has been used to study jet-cooled LiCu. Together with a forthcoming paper on LiCa this study will provide a means of understanding the different interactions between alkali metals and the 3d nϩ1 4s 1 short bond length of the X 1 ⌺ ϩ state indicates that this molecule is primarily ionic (Li ϩ Cu Ϫ ) in its ground state.
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